The utility of marine protected areas (MPAs) as a means of protecting exploited species and conserving biodiversity within MPA boundaries is supported by strong empirical evidence. However, the potential contribution of MPAs to fished populations beyond their boundaries is still highly controversial; empirical measures are scarce and modelling studies have produced a range of predictions, including both positive and negative effects. Using a combination of genetic parentage and relatedness analysis, we measured larval subsidies to local fisheries replenishment for Australasian snapper (Chrysophrys auratus: Sparidae) from a small (5.2 km 2 ), well-established, temperate, coastal MPA in northern New Zealand. Adult snapper within the MPA contributed an estimated 10.6% (95% CI: 5.5-18.1%) of newly settled juveniles to surrounding areas (approx. 400 km 2 ), with no decreasing trend in contributions up to 40 km away. Biophysical modelling of larval dispersal matched experimental data, showing larvae produced inside the MPA dispersed over a comparable distance. These results demonstrate that temperate MPAs have the potential to provide recruitment subsidies at magnitudes and spatial scales relevant to fisheries management. The validated biophysical model provides a cost-efficient opportunity to generalize these findings to other locations and climate conditions, and potentially informs the design of MPA networks for enhancing fisheries management.
The utility of marine protected areas (MPAs) as a means of protecting exploited species and conserving biodiversity within MPA boundaries is supported by strong empirical evidence. However, the potential contribution of MPAs to fished populations beyond their boundaries is still highly controversial; empirical measures are scarce and modelling studies have produced a range of predictions, including both positive and negative effects. Using a combination of genetic parentage and relatedness analysis, we measured larval subsidies to local fisheries replenishment for Australasian snapper (Chrysophrys auratus: Sparidae) from a small (5.2 km 2 ), well-established, temperate, coastal MPA in northern New Zealand. Adult snapper within the MPA contributed an estimated 10.6% (95% CI: 5.5-18.1%) of newly settled juveniles to surrounding areas (approx. 400 km 2 ), with no decreasing trend in contributions up to 40 km away. Biophysical modelling of larval dispersal matched experimental data, showing larvae produced inside the MPA dispersed over a comparable distance. These results demonstrate that temperate MPAs have the potential to provide recruitment subsidies at magnitudes and spatial scales relevant to fisheries management. The validated biophysical model provides a cost-efficient opportunity to generalize these findings to other locations and climate conditions, and potentially informs the design of MPA networks for enhancing fisheries management.
Background
The within-boundary conservation and biodiversity benefits of no-take marine protected areas (MPAs) for exploited fishes are widely accepted [1] [2] [3] . Yet debate remains as to whether MPAs can meaningfully contribute to surrounding fisheries through spillover of adults and export of larvae [4] . Like many marine animals, most fishes are relatively sedentary as adults, producing vast numbers of tiny eggs and larvae that can be advected large distances by coastal currents [5] . Thus, the export of larvae from MPAs to local fisheries, known as 'recruitment cross-subsidy' (RCS) [6] , has arguably greater potential to contribute to surrounding fisheries than adult spillover. Yet direct empirical evidence for RCS effects remains sparse, due to the difficulties involved with tracking small larvae, the large spatial and temporal variation in larval production and survivorship, and the potential for RCS to be swamped by larvae from other sources [7] .
Recent advances in genetic techniques offer new opportunities for quantifying population connectivity and RCS effects. Indeed, a few recent studies in coral-reef systems have provided compelling evidence of the benefits of larval subsidies from MPAs to local populations (see extensive review by Jones [8] ), including for some fishery-targeted species [9] [10] [11] ). Relatively few such studies have been made of temperate systems, despite the fact that they support highly productive fisheries. Temperate species are generally thought to have broader dispersal than tropical species, though the evidence for this is not conclusive [10] . Further empirical evidence of the scope and potential value of RCS in temperate systems is still required to determine the extent to which the findings made in tropical systems can be applied to temperate fisheries.
The present study investigates patterns of dispersal and the genetic contribution from a dense population of adult Australasian snapper (henceforth referred to as 'snapper'; Chrysophrys auratus, Sparidae) in an established temperate MPA (specifically, Cape Rodney to Okakari Point marine reserve or CROP-henceforth referred to as 'the MPA' in northern New Zealand) to the surrounding fishery. This well-studied system has several characteristics that make it well suited to investigating RCS effects. Snapper is a large and long-lived predatory species of finfish, being up to approx. 100 cm fork length (FL), 17 kg mass and 60 years old [12] . The regional snapper stock in northeastern New Zealand is heavily fished by both commercial and recreational sectors and is currently below target biomass levels [13] . Relative densities of large snapper (i.e. those above the legal size limit) within the MPA are estimated to be, on average, 19 times greater than those in surrounding areas [14] . Within the MPA, adult snapper use relatively small coastal territories (100s of metres) where they form local spawning aggregations [12] . Snapper are serial-broadcast spawners, producing batches of eggs daily during the warmer months (November to February) [15] . Larvae hatch after approximately 1 day and settle into coastal habitats after a relatively short larval duration (18-32 days) [16] . Recent biophysical modelling predicted that snapper larvae spawned in the MPA are likely to be retained in nearby waters, dispersing to local coastal areas over distances only up to approximately 40 km [17] .
In this study, we use a combination of genetic techniques ( parentage and relatedness analyses) and hydrodynamic biophysical modelling to (i) estimate the level of the larval subsidies from the CROP MPA to the surrounding fished areas, (ii) empirically evaluate the geographical extent of larval dispersal and recruitment from snapper in the MPA, and (iii) describe spatial patterns of dispersal predicted by a hydrodynamic biophysical model.
Material and methods (a) Field sampling
Snapper were caught and sampled from coastal locations inside and outside CROP MPA (368 8 8 8 849 0 S 1478 8 8 8 847 0 E; figures 1a,c and 2a). Non-MPA locations were situated northwards and southwards along the coast up to 55 km from the MPA. A small tissue sample was taken from the pectoral fin of each snapper for genotyping. Each snapper was measured to the nearest millimetre FL, and classified as juvenile or adult if they were shorter or longer than 230 mm FL, respectively (see electronic supplementary material for more details of the data collection procedures).
Adult snapper were caught inside the MPA (n ¼ 1053 'MPA adult' individuals) from a range of habitats [18] and depths (2-20 m) over six months (September 2011-February 2012) during 13 sampling trips (figure 1a; electronic supplementary material). MPA adults were tagged with a uniquely coded rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171300
'food-safe' PIT (passive integrated transponder) tag (Hallprint, Australia) that was placed into the gut cavity. The PIT tags allowed us to re-identify fish (using a scanning wand) to avoid repeat sampling of individuals and to estimate the population size using capture-recapture estimates. Non-MPA adult snapper (n ¼ 1051) were caught outside the MPA from March 2011 to February 2012 (figure 1b; electronic supplementary material, table S1), providing an alternative population of potential parents of juveniles. Tissue samples were sourced from local fishing competitions, provided by supportive recreational fishers and collected directly from boat ramps. Our sampling comprised 33 locations within nine general areas spanning 55 km north (Bream Bay) to 45 km south (Whangaparaoa Peninsula) of CROP. Capture locations for these samples are assumed accurate, as data were collected by trained interns or science enthusiasts on board fishing charters in the majority of cases.
For genetic tracing of offspring, juveniles were collected inside and outside the MPA (n ¼ 933). Non-MPA juveniles (n ¼ 855) were caught from 33 sites nested within seven locations up to 4 km north (n ¼ 108) and 40 km south (n ¼ 747) of the MPA boundary (figure 2a; electronic supplementary material, table S1). A small number of MPA juveniles (n ¼ 78) was caught at four sites inside CROP (electronic supplementary material, table S1). Sampling of juveniles was limited by permit regulations that limited by-catch of adult snapper and other species found in high densities within the MPA. Despite juveniles being in similar densities inside and outside the MPA [14] , they were more difficult to catch inside, probably due to the abundance of larger snapper. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171300
Juvenile fish were caught predominantly along the rocky reef/ sand flat interface in 3-5 m depth, consistent with known habitat preferences [19] . The DNA from 892 juvenile snapper was analysed to assign parentage to adult snapper from either MPA or non-MPA catches.
(b) Parentage assignments, sibship, relatedness and estimation of total recruitment
All potential offspring (MPA and non-MPA juveniles) were screened against the two pools of potential parents (MPA and non-MPA adults) to identify parent-offspring relationships using a panel of 17 polymorphic microsatellite loci previously described for congeneric species [20] [21] [22] [23] , or species-specific [24] (electronic supplementary material, table S2). Summary statistics (number of alleles, number of genotyped individuals, observed and expected heterozygosities, Fis and an estimate of null allele frequency) were generated for the three datasets (electronic supplementary material, table S3). Categorical allocation of parent-offspring relationships was assessed using a maximum-likelihood approach implemented in the software FAMOz [25] , and confirmed using CERVUS [26] and COLONY [27] . No missing data occurred across 17 loci. No more than two mismatches were ever allowed to occur to accommodate for genotyping error. Type I (false positive) and type II (false negative) errors were minimized by running test simulations, resulting in type I and type II assignment error rates of 0.08% and 1.17%, respectively (see the electronic supplementary material for more details on microsatellite loci and analyses).
Values of relatedness (R) of all juveniles with MPA and non-MPA adults were calculated, using the Lynch and Ritland estimator [28] in GENAlEX v. 6.5 [29] . The proportions of relatedness values greater than 0.25, 0.4 or 0.5 out of the total number of pairwise relationships with MPA or non-MPA adults were calculated for each juvenile sampling location. The patterns across juvenile sampling locations were very similar for each cutoff value, so only one set of values is presented-specifically, R . 0.25 (equivalent to relationships closer than half-sibs or second-generation offspring). The estimation of more distant, specific relationships between juveniles and adults were determined using COLONY, and assignments were checked using ML-RELATE [27, 30] . The proportions of all pairwise relationships between adults and juveniles that were allocated to the category of 'half-sib' (with p . 0.99) were calculated. These values are used here as a proxy for the overall proportion of relationships that are significantly closer than random, rather than an indicator of that specific relationship (i.e. individuals that share 1 parent), as this level of relatedness may derive from alternative relationships (e.g. 2nd generation offspring; see electronic supplementary material for more details).
(c) Estimating total population size and larval contribution from MPA adults A simple Bayesian model (implemented using MCMC in OPEN-BUGS [31] ) was used to estimate P C -, the total proportion of juvenile snapper that were the offspring of MPA adults-while adjusting to account for only a subset of the adult spawning population in the MPA having been genotyped [10] . The model estimated the total population of MPA adults (N R ) using a simple mark-recapture analysis of the recaptures from two sampling events (Phase 1 and Phase 2). Using N R , the model estimated the proportion of the total adult MPA population that was genotyped (P S ), which was then incorporated into our estimate of P C following the method described by Harrison et al. [10] . This calculation was based on the assumption that the per-individual larval contribution of adult fish was, on average, equivalent between the genotyped versus non-genotyped individuals. Full details of the model are provided in the electronic supplementary material.
(d) Biophysical model development and data analysis
The dispersal of snapper larvae from the CROP MPA was simulated using an a priori hybrid 2D/3D RMA-10 hydrodynamic model coupled with a particle-tracking model, following Le Port et al. [17] . The model simulated the time period as 1 November 2011 to 28 December 2011, to coincide with the timing of the genetic field sampling (October 2011-February 2012) and the seasonal peak in snapper-spawning activity [16] . The model simulated daily releases of 500 particles (i.e. virtual larvae) at approximately 17.00 h each day for the first 28 days of simulation, totalling 14 000 particles released over the course of the simulation, after which they were tracked up to day 56. The simulation contrasted with that of Le Port et al. [17] in that particles were released daily as opposed to in a single event, and the simulation was run for longer, so that our results are less dependent on specific weather events (e.g. storms). Vertical behaviour of snapper larvae was simulated using three vertical behaviour scenarios described as 'none', 'C. auratus' and 'C. major' by Le Port et al. [17] . The results did not vary greatly among the three behaviour models (with very similar maximum and modal dispersal distances), so we analysed further only the data from the 'C. auratus' simulation [32] . The terminal geographical locations of the particles at age 28 days, regardless of release time, were recorded, to coincide with when settlement is most likely to occur. Sampling zones for counting particles were modified to correspond with genetic field sampling zones. The terminal locations were then compared with the empirical genetic matches of juvenile snapper to CROP parents. All distances from the MPA presented in this paper, for both the sampling locations and the simulated particles, were calculated as the shortest distances across water (implemented using the gdistance package for R [33] ). These distances were used to directly compare the distances dispersed by model particles with those of juvenile snapper that were found to have parents in the MPA.
Results
Conservative DNA parentage analysis assigned 14 juveniles (i.e. 1.6% of a total sample of 892 juveniles genotyped) to a parent adult snapper caught inside the MPA (1048 MPA adults genotyped; figure 2b; electronic supplementary material, table S4). Each match was assigned to a single parent. The mark-recapture model estimated the total population of spawning snapper within the MPA to be N R ¼ 11 778 (95% CI: 8533-16 270; electronic supplementary material, table S5), of which an estimated P S ¼ 9.1% (6.4-12.3%; electronic supplementary material, table S5) was genotyped. After correcting for incomplete sampling of the CROP MPA spawning population, the estimated proportion of juveniles caught outside the MPA that were offspring to MPA parents was P C ¼ 10.6% (5.5-18.1%; electronic supplementary material, tables S5, S6). By contrast, no juvenile snapper was assigned to any of the 1034 genotyped adults caught outside the MPA, and no self-recruitment was detected within the MPA. Of the 105 juveniles caught and genotyped north of the MPA, two were matched to MPA parents (P C ¼ 16.4% (3.3-40.6%); electronic supplementary material, table S6); the remaining 12 identified matches were among the 714 juveniles genotyped south of the MPA (P C ¼ 10.5% (5.2-18.4%); electronic supplementary material, tables S4 and S6; figure 2b). The majority (9/14) of matches were found less than 10 km from the MPA boundaries (figures 2b and 3a; electronic rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171300 supplementary material , table S4 ). Yet, as a proportion of the total number of juveniles caught and tested at each location, rates of MPA parentage remained high, or even higher, at locations 20-37 km south of the MPA ( figure 3a) .
When considering the broader genetic relationships between juvenile and adult snapper, juveniles caught at locations up to 37 km away had much greater rates of both high relatedness (i.e. R . 0.25; figure 3b ) and 'half-sib' relationships (i.e. individuals that share 1 parent or have an equivalent level of relatedness; figure 3c) with adults caught inside the MPA than with adults caught outside the MPA. Rates of juvenile relatedness with MPA adults increased with distances from the MPA up to 10 km, peaking at Ti Point (approx. 9 km from CROP), and declined thereafter. Rates of 'half-sib' relationships with MPA adults were constant for distances less than 10 km, but then declined (figure 3c).
Biophysical modelling of the dispersal of larval snapper from the MPA during the peak spawning season (NovemberDecember 2011) showed broad agreement with the genetic evidence of significant larval subsidies to nearby coastal populations (less than 50 km; figure 3a). On average, modelled larvae dispersed a through-water distance of 28. 
Discussion
This study provides the first empirical evidence for RCS from a temperate MPA to an adjacent fishery. The novel set of genetic, quantitative and simulation methods used here produced complementary data in support of this key result, while providing insights into the magnitude and extent of the RCS effect at various scales.
Direct evidence for larval subsidies in this system was provided by 14 juvenile snapper caught outside the MPA being identified as the direct offspring of adult snapper caught inside the MPA. After adjusting for incomplete sampling of the population of MPA adults, an estimated 10.6% of the juvenile population outside the MPA were the direct offspring of MPA adults. Our study covered an area of approximately 398 km 2 , of which 1.3% (5.2 km 2 ) is included in the MPA. Thus, the estimated larval contribution of this MPA is approximately an order of magnitude greater than would be expected if larval contributions were simply proportional to geographical area [34] . Previous studies predicted that CROP and other MPAs in the region act as reproductive reservoirs for surrounding fished areas, due to the much higher densities of large, adult snapper observed inside MPAs [14, 34, 35] . In particular, Willis et al. [34] estimated snapper egg production to be 23.3 times greater for areas inside versus outside the CROP MPA, such that the approximately 5 km coastal extent of this MPA might contribute the equivalent of 90 km of unprotected coastline. Our study supports this prediction with empirical evidence, with over 10% of juvenile snapper across the study area outside of the MPA estimated to have been spawned by adults in this MPA.
By contrast, not a single juvenile snapper was matched to a non-MPA parent, despite a similar number of potential parents having been genotyped (i.e. 1048 and 1034 adults from inside and outside the MPA, respectively), and the majority of non-MPA adults having been caught in close proximity to the non-MPA juveniles. This suggests that the identified parentoffspring pairs were highly unlikely to be random background matches, and that the CROP MPA population does indeed make a disproportionate contribution to larval settlement within the study area. We acknowledge that the proportions of matches detected are not directly comparable between MPA and local non-MPA adults, due to the unknown number and geographical distribution of unsampled non-MPA adult spawners. Indeed, non-MPA adults are likely to be more transient than those resident in the MPA. Snapper in this region are highly variable in their movement behaviour [36] , with some individuals travelling 100s of km [37] and making seasonal inshore migrations that are possibly related to spawning [34] . Other individuals remain within patches of only 100s of metres on inshore reefs, and it is these territorial individuals that comprise the dense populations of snapper in MPAs [38, 39] , which appear to contribute substantially to local recruitment.
Obtaining empirical genetic evidence of MPA RCS effects is generally difficult, in part because parent-offspring relationships are akin to proverbial needles in a haystack-a very large number of individuals must be genotyped to find a small number of matches, which provides limited scope for investigating spatial and temporal patterns in recruitment [7] . Hence, we supplemented these data by comparing patterns in broader, non-parental relationships (specifically, the frequency of 'halfsib' and other close relatives; i.e. R . 0.25) between locally caught juveniles and either MPA or non-MPA adults. These broader relationships provided a much greater number of matches, allowed patterns to be analysed more precisely at smaller spatial scales (i.e. per sampling location), and also provided insights into longer-term patterns in recruitment [40] . Here, our analysis of broader relationships supported the direct evidence from parent-offspring matches. Proportions of both 'half-sibs' and close relatives with juveniles were consistently greater for MPA adults versus non-MPA adults, particularly for distances less than 10 km. This indicates that a substantial contribution of the MPA to the fishery, via local dispersal and/ or recruitment, has probably occurred over generations.
Further insights were provided by our simulations of larval dispersal from the MPA using a biophysical model [17] , which predicted larvae spawned inside the MPA to disperse approximately up to 60 km north and 50 km south of the reserve. These results were broadly consistent with the genetic evidence. Direct offspring of MPA adults were detected among the juveniles caught furthest from the MPA, in Mahurangi Estuary, at through-water distances of 35-40 km south. Similarly, the biophysical model predicted direct larvae contributions to be particularly strong for intermediate distances of 20-40 km.
Close relationships with juveniles were more frequently detected among MPA adults than non-MPA adults ( figure 3b,c) , although the relative frequency declined with distance. This decline appears to contrast with the prediction from the biophysical model that the highest contributions occur at intermediate distances. This may reflect competing larval contributions from other nearby sources, such as a suspected snapper-spawning aggregation site east of Kawau Island [12] and another nearby MPA (Tawharanui Marine Reserve, figure 1c ) in which densities of adult snapper are around half those inside the CROP MPA [14] . The furthest distance that simulated larvae were predicted to disperse by the model was 60 km from the MPA. Few simulated larvae went further than approximately 50 km from the MPA, particularly to the south, where a large peninsula (Whangaparaoa) appears to confine many larvae and limit dispersal in this direction.
Despite evidence from the biophysical model that larvae disperse both north and south of the MPA, we caught much fewer juvenile snapper north of the MPA, despite considerable sampling effort. This probably reflects lower densities of juveniles to the north, perhaps due to a paucity of suitable habitats for settlement there, in comparison to the abundance of sheltered harbours and estuaries to the south of the MPA. Thus, we broadly consider that hydrology, geography and the availability of suitable habitats for settlement are all likely to be important factors influencing the spatial patterns of recruitment subsidies from coastal MPAs.
The biophysical model predicted 1.4% of larvae to settle inside the MPA, roughly consistent with its proportion of the study area, suggesting that self-recruitment to the MPA, albeit minimal, should occur, as has been reported in comparable tropical studies [9, 10] . In this study, we found no evidence of juvenile self-recruitment to the MPA, though this outcome was likely given the small number of CROP juvenile samples genotyped (n ¼ 73). Sampling in the MPA was highly restricted and, for the most part, catches were dominated by rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171300 adult snapper. Modelling studies have estimated that single reserves must be at least as large as the average dispersal distance for a species to ensure self-recruitment [41] . Average dispersal distances ranged from 28.2 km for modelled larvae to approximately 10 km for genetic data. Thus, the absence of observed self-recruitment to the MPA is likely to be a reflection of the small size of the CROP MPA (5.2 km 2 ) relative to dispersal distances of snapper larvae.
Conclusion
An understanding of patterns of larval retention and connectivity, as well as the mechanisms generating variability in larval replenishment to local populations, is critical for managing marine biodiversity and fisheries. While genetic evidence for MPAs providing RCS effects has previously been found in tropical coral-reef systems for small, non-fished species [42] [43] [44] and for larger fished species [9, 10] , the present study provides the first evidence of MPA RCS effects for a temperate, habitat-generalist species that supports important fisheries. We expect that the magnitude of this MPA's contribution to the local fishery (estimated to be approximately 11% of the juvenile population across an area 100 times that of the reserve) is more than enough to make up for losses to the fishery associated with closing this area to fishing. The geographical extent of larval subsidies shown here for the temperate Australasian snapper (approx. 50 km) is comparable with larval dispersal ranges reported in tropical species (less than 1-250 km) [8, 11] . This result supports general predictions of localized recruitment made previously from theoretical models of larval export from MPAs [7, 17, 45] , and is in direct contrast to the premise that dispersal takes place over wider scales in higher latitudes, with negligible local impact [46] . Our hydrodynamic biophysical model also suggests that snapper larval dispersal may not follow the strong monotonic declines with distance that have been observed in many tropical species [8] . Rather, the results presented here appear to support a growing number of studies providing evidence that geography and the spatial arrangement of suitable habitats for settlement may be important for predicting potential subsidies from coastal MPAs to fished areas [47] [48] [49] .
Finally, the novel combination of genetic, statistical and hydrodynamic simulation methods employed in the present study represents an important step in the evaluation of RCS effects. These methods allowed validation of the key result of detecting significant RCS, while giving valuable insights into the finer-scale patterns and overall geographical extent of the larval contribution from this MPA. The broad agreement between the genetic data and the hydrodynamic biophysical model here provides confidence for the further use of modelling approaches to inform spatial management of fished populations. Informed by empirical knowledge of hydrodynamics, larval behaviour and key habitats used during the various life-history stages of important species, we encourage such models to be used to design systems of MPAs that optimize their contribution to fisheries, thereby achieving the elusive win-win scenario for conservation and fisheries management. Data accessibility. Microsatellite genotypes available from the Dryad Digital Repository (http://dx.doi.org/10.5061/dryad.5pj36) [50] .
